Malic enzyme is one of at least five enzymes, known to be present in Corynebacterium glutamicum, capable of carboxylation and decarboxylation reactions coupling glycolysis and the tricarboxylic acid cycle. To date, no information is available concerning the physiological role of the malic enzyme in this bacterium. The malE gene from C. glutamicum has been cloned and sequenced. The protein encoded by this gene has been purified to homogeneity, and the biochemical properties have been established. Biochemical characteristics indicate a decarboxylation role linked to NADPH generation. Strains of C. glutamicum in which the malE gene had been disrupted or overexpressed showed no detectable phenotype during growth on either acetate or glucose, but showed a significant modification of growth behavior during lactate metabolism. The wild type showed a characteristic brief period of exponential growth on lactate followed by a linear growth period. This growth pattern was further accentuated in a malE-disrupted strain (⌬malE). However, the strain overexpressing malE maintained exponential growth until all lactate had been consumed. This strain accumulated significantly larger amounts of pyruvate in the medium than the other strains.
Corynebacterium glutamicum is widely used in the industrial production of amino acids, particularly L-glutamate and Llysine. The modified carbon flux distribution during the shift from cell growth to amino acid overproduction involves a high flux through the anaplerotic reactions. In C. glutamicum, four carboxylating enzymes able to convert pyruvate or phosphoenolpyruvate (PEP) to four-carbon atom dicarboxylic acids oxaloacetate (OAA) or malate have been demonstrated, namely PEP carboxykinase (PPCk), PEP carboxylase (PPC), pyruvate carboxylase (PC), and malic enzyme. A fifth reaction, OAA decarboxylase, has also been demonstrated, but this reaction is generally considered to operate only in the gluconeogenic direction (22) . To date, three of the carboxylating anaplerotic enzymes have been characterized, although little information exists concerning the properties of malic enzyme in C. glutamicum. The PPCk catalyzes the reversible carboxylation of PEP to OAA, although the strong inhibition of the OAA-forming reaction by ATP indicates that this enzyme functions predominantly as a gluconeogenic decarboxylase (21) . The PPC catalyzes the irreversible carboxylation of PEP to OAA. The enzyme was purified and shown to be activated by acetylcoenzyme A (CoA) and fructose-1,6-bisphosphate and inhibited by both aspartate and ␣-ketoglutarate (32, 33) . This enzyme was initially considered to be the major anaplerotic enzyme in C. glutamicum (51) and has been the target of genetic engineering strategies to increase flux toward OAA (35, 46) . However, various groups (19, 37 ; L. Mathieu, C. Rollin, A. Guyonvarch, F. Wojeik, and N. D. Lindley, rDNA Biotechnol. 4:Metab. Eng. I, poster abstr. 53, 1996) have demonstrated that deletion of PPC has no significant effect on either growth or amino acid production, except under biotin limitation. The PC catalyzes the irreversible carboxylation of pyruvate to OAA. This activity was first described by Tosaka et al. (50) and was postulated to be the major anaplerotic enzyme during rapid growth on glucose (10) , although the enzyme has been notoriously difficult to assay precisely. Recently, this biotin-dependent enzyme has been characterized (38) and was shown to be inhibited by acetyl-CoA, aspartate, and ADP. This enzyme was shown to be essential for rapid growth on lactate, but deletion mutants retained their capacity to grow on glucose (39) . Double mutants lacking both PPC and PC activity were unable to grow on glucose (39) . Nuclear magnetic resonance (NMR) analysis has, however, demonstrated that carboxylation of pyruvate accounts for approximately 90% of the anaplerotic flux (36) . Strains lacking PPC activity grown under biotin limitation were unable to synthesize glutamate (Mathieu et al., rDNA Biotechnol. 4:Metab. Eng. I, poster abstr. 53, 1996) , although some production of tricarboxylic acid (TCA) intermediates did occur. This indicates that at least one other anaplerotic reaction must be able to fuel the TCA cycle. Malic enzyme catalyzes the reversible carboxylation of pyruvate to malate coupled with NADPH oxidation. This activity has been measured in various strains and under different growth conditions (9, 10, 18, 51) , although the role of this activity has never been clearly established. The fact that this enzyme can contribute to NADP ϩ -NADPH equilibrium has led to the suggestion that this enzyme may play an important role in NADPH synthesis on substrates other than glucose (9, 13) . However, the role of malic enzyme in the metabolism of C. glutamicum remains unclear, and in view of the importance of NADP ϩ -NADPH cycling in this organism, it is necessary to establish the physiological role of this enzyme. In this paper, the biochemical characterization of the malic enzyme and the molecular analysis of the corresponding malE gene of C. glutamicum are described. The physiological role of malic enzyme has been investigated by studying genetically engineered strains of C. glutamicum in which the expression of the malE gene has been modified.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study, their relevant characteristics, and their sources or references are given in Table 1 . Escherichia coli strain DH5␣ was grown aerobically at 37°C in Luria-Bertani medium, with the addition of ampicillin (100 g/ml), kanamycin (25 g/ml), and Bacto agar when appropriate. For molecular studies, C. glutamicum 2262 was grown aerobically at 30°C in brain heart infusion medium, with the addition of kanamycin (25 g/ml) and Bacto agar when appropriate. The medium and conditions for growth of C. glutamicum 2262 in 3.5-liter fermentors (Chemap) have been described previously (8) . The pH was maintained at 7.6 by automatic addition of KOH or HCl depending on the substrate. The cultures were inoculated with precultures grown overnight in shake flasks at 30°C on a rotary shaker (200 rpm) with the same medium and carbon source. The cell concentration was determined by spectrophotometric A 650 measurements after dilution in fresh medium so as to remain within the optical linear response range. The concentrations of glucose and organic acids in the culture supernatant were determined as previously described (18) by highperformance liquid chromatography with a Bio-Rad HPX87H column at 48°C with H 2 SO 4 (5 mM) as the eluant. Detection was performed with UV and refractometric detectors. The C. glutamicum DNA bank used in this study was described by Reyes et al. (42) . Individual recombinant E. coli clones were cultivated in 96-well microtitration plates and replica plated onto hybridization membranes. Membranes were treated for colony hybridization as described by Ausubel et al. (1) , and master microtitration plates were stored at Ϫ80°C until used.
DNA preparation and transformation. Plasmids from E. coli were isolated by the method of Birnboim (2) . Plasmids and chromosomal DNA from C. glutamicum were obtained as described elsewhere (42) . E. coli was transformed by electroporation (14) or by the CaCl 2 method (44). C. glutamicum was transformed by electroporation (4). Oligonucleotide synthesis was performed as described by Caruthers et al. (6) with the Gene Assembler Plus from Pharmacia (Freiburg, Germany).
DNA manipulations. Restriction enzymes, T4 DNA ligase, Klenow polymerase, proteinase K, DNase I, and RNase A, were obtained from Boehringer (Mannheim, Germany) or from Promega (Madison, Wis.) and used as instructed by the manufacturers. DNA labelling and Southern and colony hybridization experiments were performed as previously described (1) . PCR experiments were performed in a Crocodile II microprocessor controlled incubation system (Appligene Oncor, Illkirch, France) with Ampli Taq Gold polymerase and its buffer from Perkin-Elmer (Foster City, Calif.). PCR consisted of a 10-min incubation at 94°C, followed by 35 amplification cycles (1 min at 94°C, 1 min at 50°C, 1 min at 72°C for each cycle). Plasmid pMF12 was sequenced by the dideoxy chain termination method (45) on a model 373 DNA sequencing system from Applied Biosystems. Sequencing was performed by a DNA walking approach, with pMF12 as the matrix and designed oligonucleotides as primers. Sequence data were compiled and analyzed by the Gene Jockey II, sequence processor program (Biosoft, Cambridge, United Kingdom).
Inactivation of the chromosomal malE gene. The chromosomal malE gene of C. glutamicum was disrupted as described by Reyes et al. (42) . A 0.8-kb BamHIStuI DNA fragment was cloned into the pCGL243 shuttle vector to give pMF14. From pMF14, an XbaI-XbaI integron was obtained as described by Reyes et al. (42) and used to disrupt the chromosomal malE gene from C. glutamicum. The resulting ⌬malE strain was then tested for malic enzyme activity and displayed no detectable activity. Gene disruption was confirmed by Southern analysis.
Overexpression of the malE gene. Overexpression of the malE gene in C. glutamicum was achieved by cloning the malE open reading frame (ORF) under the control of the Ptrc promoter, which promotes a high level of inducible gene expression in C. glutamicum (12) . The resulting in-frame fusion was transferred into the E. coli-C. glutamicum shuttle vector pCGL243 (42) . The malE ORF was obtained by PCR with C. glutamicum chromosomal DNA as the template and oligonucleotides 5Ј GGCTAAATGTCATGACCATCGACC 3Ј (corresponding to nucleotides 714 to 737, which allows the creation of an RcaI restriction site overlapping the ATG codon) and 5ЈGTTTGATTTAAAGGTCTGGTCTCG 3Ј (reverse complement of nucleotides 2025 to 2048, located downstream of the putative terminator and containing a DraI restriction site) as primers. After PCR, the amplified DNA fragment was submitted to restriction with RcaI and DraI, and the product was cloned into NcoI-and SmaI-restricted plasmid pKK388-1 to give plasmid pMF21. The in-phase fusion was controlled by DNA sequencing. From pMF21, a SalI-SalI DNA fragment, encompassing the Ptrc promoter, the malE ORF, and the malE terminator, was isolated and cloned into pCGL243 at the SalI site to give pMF22. This plasmid was then introduced into C. glutamicum strains by electroporation. The overexpression was confirmed by direct measurement of enzyme activity.
Enzyme activity assay. Malic enzyme activity was determined spectrophotometrically by measuring the change in the absorbance of NADPH at 340 nm (ε ϭ 6,223 M Ϫ1 ⅐ cm
Ϫ1
) at 30°C. The reaction mixture for the oxidative decarboxylation of malate contained potassium phosphate buffer (100 mM, pH 7.8), MgCl 2 (5 mM), NADP ϩ (0.6 mM), and sodium L-malate (40 mM). The reaction mixture for the reductive carboxylation of pyruvate contained Tris-HCl buffer (100 mM, pH 7.0), MgCl 2 (5 mM), NADPH (0.3 mM), NH 4 Cl (8 mM), NaHCO 3 (50 mM), and sodium pyruvate (30 mM). Specific activity was expressed relative to the protein content of the cell extract as determined by the Lowry method.
To study the effect of monovalent cation and divalent metal cation requirements, the potassium phosphate buffer used to measure the oxidative decarboxylation malate activity was replaced by Tris-HCl buffer (100 mM, pH 7.8).
Purification of malic enzyme. Bacterial cells were washed twice in KCl (0.2% [wt/vol]) and resuspended in Tris-tricarballylate buffer (270 mM, pH 7.8) containing MgCl 2 (4.5 mM) and glycerol (22% [vol/vol]). Cells were disrupted by sonication (8 cycles of 30 s with 90-s cooling intervals) and were maintained on ice during sonication. The suspension was centrifuged at 10,000 ϫ g for 15 min to remove cell debris. The supernatant was used to determine the specific activity of malic enzyme and for the protein purification process described below.
In step I, polyethyleneimine (PEI) was added to the crude extract with constant stirring to a final concentration of 0.04%. The mixture was stirred for 30 min at 4°C, and the precipitate was removed by centrifugation at 5,000 ϫ g for 15 min.
In step II, the enzyme solution was applied to a Sepharose Q anion-exchange column (1.6 by 20 cm) (Pharmacia) previously equilibrated with Tris-HCl buffer (40 mM, pH 8.5) containing 5 mM MgCl 2 , 10 mM KCl, and 1 mM EDTA (buffer A). Malic enzyme was eluted with this buffer solution containing 0.34 M NaCl at a flow rate of 1 ml/min. The fractions containing the malic enzyme activity were pooled and desalted with a PD-10 column (Amersham Pharmacia Biotech).
In step III, the enzyme fraction was passed through a Blue-Sepharose CL-6B (Amersham Pharmacia Biotech) column (20 ml) which had been equilibrated with buffer A. The malic enzyme was eluted at 0.7 ml/min in buffer A for 30 min, In step IV, the protein extract from step III was run on a Red-Sepharose CL-6B (Amersham Pharmacia Biotech) column (10 ml) equilibrated with buffer A. The malic enzyme was eluted at 0.5 ml/min with buffer A for 30 min followed by the same buffer containing 200 mM NaCl for 30 min (malic enzyme was eluted during this period). The fractions exhibiting malic enzyme activity were combined, desalted, and stored at 4°C prior to enzymatic characterization.
Electrophoretic analysis of proteins. Electrophoresis was carried out with the PHAST system (Amersham Pharmacia Biotech). Under denaturing conditions, the sample was diluted with denaturing buffer Tris-HCl (10 mM) containing EDTA (1 mM Nucleotide sequence accession number. The nucleotide sequence reported in this work has been assigned GenBank accession no. AF234535.
RESULTS
Isolation of the malE gene from C. glutamicum. Cloning of the malE gene from C. glutamicum was initiated by DNA-DNA hybridization with a designed DNA probe. Comparison of deduced amino acid sequences of NADP-dependent malic enzymes from the gram-positive bacteria Bacillus stearothermophilus (24) and Streptococcus bovis (23) revealed the presence of two highly conserved regions (AAMPVMEGKA and HDDQHGTAIV), which are located at the N and C termini, respectively, of these malic enzymes. From these peptide sequences, two degenerated oligonucleotides were designed, taking into account the codon bias index for moderately expressed genes of C. glutamicum (28) and the Wobble rule. These two oligonucleotides (5Ј GCGATGCCWGTCAT GGAAGGRAARGTK 3Ј and 5Ј GTRCTACTRGTYGTRC CRTGYCG 3Ј) were used for PCR amplification of C. glutamicum chromosomal DNA. The resulting 220-bp DNA fragment was cloned in the pGEMT cloning vector and sequenced. Comparison of the deduced polypeptide with known malic enzyme sequences highlighted a strong similarity between the cloned fragment and malE genes from various organisms. The amplified DNA fragment was isolated, radioactively labeled, and used as a probe against C. glutamicumissued DNA fragments within the DNA bank. Three plasmids were isolated, namely pMF11, pMF12, and pMF13. NADP ϩ -dependent malic enzyme activity was then tested in E. coli cells harboring either pMF11, pMF12, or pMF13. Plasmid pMF12 was chosen for further experiments, since it encodes a functional malE gene as estimated from enzyme measurements (malic enzyme specific activity of 0.127 mol/mg of protein Ϫ1 ⅐ min Ϫ1 as compared to activities of Ͻ0.01 mol/mg of protein Ϫ1 ⅐ min Ϫ1 in the other strains). Southern hybridization was performed to confirm that the cloned fragment originated from C. glutamicum. Chromosomal DNAs from C. glutamicum and E. coli (plasmid pMF12) were digested with PstI or EcoRV, size fractionated, and transferred onto a membrane. Radioactively labeled pMF12 was used as a probe. The probe hybridized specifically to chromosomal DNA from C. glutamicum and pMF12 (data not shown), confirming that the cloned fragment originated from C. glutamicum and that it corresponds to a fragment within the genome with no detectable structural alterations.
Nucleotide sequence of the malE gene. The nucleotide sequence of a 2,226-bp fragment from pMF12 was determined from both strands by the dideoxy chain termination method.
The sequence has been deposited in GenBank under accession no. AF234535. Computer analysis revealed a main ORF extending from bp 725 to 1900. This ORF exhibited a codon usage (P/T ϭ 0.725) indicative of a highly expressed gene of C. glutamicum (28) . Database searches with the deduced polypeptides of this ORF revealed similarities to sequences stored in the GenBank and SwissProt databases with significant identity to known malic enzymes. These results indicate that this ORF represents the malE gene from C. glutamicum. From comparison data, the predicted translational initiation site at nucleotide 212 is an ATG codon. The malE gene is not preceded by a typical ribosome binding site (AAGGAG), but is followed by a structure resembling a rho-independent transcription terminator (43) . According to the rules of Tinoco et al. (49) , a ⌬G value of Ϫ23.7 kcal/mol at 37°C can be predicted for the predicted mRNA hairpin loop sequence. The predicted malE gene product consists of 392 amino acids with a molecular weight of 40,950, which is in agreement with the subunit molecular weight of 42,000 determined by SDS-polyacrylamide gel electrophoresis (PAGE) for the purified enzyme from C. glutamicum (see below).
Analysis of the deduced amino acid sequence from C. glutamicum. GenBank and SwissProt database searches with the deduced amino acid sequence of the C. glutamicum malic enzyme revealed close matches to the complete amino acid sequences of malic enzymes from a number of gram-positive and gram-negative bacteria. In an alignment, the C. glutamicum enzyme shows 69, 68, 63, 64, and 63% identity to the enzymes from B. stearothermophilus (24) , S. bovis (23) , Bacillus subtilis (26) , E. coli (3), and Haemophilus influenzae (16) , respectively. The alignment showed that identical residues are scattered throughout the sequence. A secondary structure prediction was made for the deduced amino acid sequence of the C. glutamicum malic enzyme with the ProDom domain search program (11) . The calculated secondary structure of C. glutamicum malic enzyme indicates a compact, globular structure for the subunits. From these data, regions of functional significance could be highlighted. Region Y 44 to C 52 could be assigned to the binding site for malate (25) . The sequence from K 193 to D 223 matches perfectly the consensus sequence for ADP-binding sites, with a predicted ␤␣␤ secondary structure (52) , and can be assigned to the binding site of the ADP ring of NADP ϩ . Biochemical characteristics of malic enzyme. (i) Purification of malic enzyme. The results of the purification procedure are summarized in Table 2 . The four-step procedure led to an 88-fold purification with a 17% recovery of initial activity. A single band was obtained on SDS-PAGE, demonstrating the homogeneity of the purified enzyme (Fig. 1) . The molecular weight of the subunit was estimated to be 42,000, in close agreement with the molecular weight estimated from the gene sequence. From the purification data, the malic enzyme protein represents about 1% of total cytoplasmic proteins. This (28), estimated from the codon usage in the malE sequence, indicating a high abundance for the malic enzyme in C. glutamicum. Under native conditions, the estimated molecular weight was 105,000. This result suggested that the malic enzyme of C. glutamicum was a dimer.
(ii) Effect of pH and temperature. The optimum pH for the oxidative decarboxylation activity with regard to L-malate was 7.8 when using potassium phosphate or Tris-HCl buffer. This is similar to the optimum pH of other malic enzymes. In the reverse direction, the optimum pH was 7.5. The same value was found for the malic enzyme of S. bovis (23) , although an optimal pH of 6.0 has been reported for the enzyme of B. stearothermophilus (24) . The highest specific activity of the purified enzyme was obtained at 50°C, and no measurable activity could be detected at 60°C. Malic enzyme of C. glutamicum was stable for at least 120 min at 4°C, whereas incubation at temperatures between 33 and 40°C led to progressive inactivation of the enzyme. After a 120-min preincubation at 33 and 40°C, only 76 and 30%, respectively, of the initial activity was detected.
(iii) Kinetic parameters. The C. glutamicum malic enzyme was strictly NADP ϩ dependent; no activity could be measured with NAD ϩ as a cofactor. Moreover, no measurable activity was detected with D-malate. The kinetics constants (K m and V max ) of the purified enzyme were calculated by the double reciprocal plot for both directions. K m s of 3.8 Ϯ 0.6 and 13.8 Ϯ 3.5 mM were determined for malate and pyruvate, respectively. The K m for pyruvate is similar to values determined for the malic enzymes of E. coli (K m ϭ 16 mM) (48) and S. bovis (K m ϭ 11.4 mM) (23), but somewhat lower than that reported for Ascaris suum (K m ϭ 45 mM) (27) . The K m s for NADP ϩ and NADPH were estimated to be 0.083 Ϯ 0.017 and 0.06 Ϯ 0.015 mM, respectively. The V max for the carboxylating activity (2.25 mol/min Ϫ1 ⅐ mg of protein Ϫ1 ) was fivefold lower than the V max for decarboxylating activity (10.9 mol/min Ϫ1 ⅐ mg of protein
Ϫ1
).
(iv) Effect of NH 4 ؉ and K ؉ . Malic enzyme activity from various microorganisms has been shown to be activated by NH 4 ϩ and K ϩ (15, 17, 23, 24) . This was shown to also be the case for the malic enzyme of C. glutamicum. Addition of NH 4 ϩ or K ϩ increased the measured activity in both the oxidative decarboxylation and the reductive carboxylation directions. The K d s determined were 13 mM for K ϩ and 1.25 mM for NH 4 ϩ . (v) Divalent cation requirements. Malic enzyme activity was demonstrated to be dependent on the presence of divalent metal cations. Maximum activity was observed in the presence of 5 mM Mn 2ϩ ( ) also had a positive effect on enzyme activity. In the absence of such divalent cations, a residual activity of 12% was measured, due probably to the presence of trace amounts of MgCl 2 in the enzyme preparation. This positive response of malic enzyme to the presence of divalent cations appears to be a conserved feature of this enzyme.
(vi) Effect of various compounds on malic enzyme activity. The possible effect of phosphorylated glycolytic intermediates on malic enzyme activity was examined by using concentrations corresponding to the in vivo concentrations seen during both the exponential growth phase and the amino acid overproduction phase associated with glutamate accumulation (18) . None of these metabolites exerted a significant effect on malic enzyme activity at the following concentrations: 6-phosphogluconate (2.5 and 5 mM), glucose-6-phosphate (10, 20, and 40 mM), fructose-6-phosphate (2, 4, and 8 mM), fructose-1,6-bisphosphate (10 and 20 mM), glyceraldehyde-3-phosphate (2 FIG. 1. SDS-PAGE of the malic enzyme from C. glutamicum at various steps of purification. Lanes: 1, molecular mass markers (kilodaltons); 2, preparation after PEI precipitation; 3, preparation after elution from Sepharose Q; 4, preparation after elution from red Sepharose. 5 and 1 mM) . However, addition of OAA or glutamate provoked some, although limited, inhibition (Table 3) . With respect to OAA, the malic enzyme of C. glutamicum was less sensitive than others (7, 17, 23) , while sensitivity to inhibition by glutamate has not been examined previously.
Effect of modified expression of the malE gene in C. glutamicum. To study whether C. glutamicum requires the malE gene for growth on various carbon sources, and to what extent the malE gene is of metabolic significance, the malE-overexpressing wild-type strain carrying the pMF22 plasmid [WT(pMF22)] and the malE-deficient (⌬malE) strain were constructed (see Materials and Methods). Malic enzyme measurements in transformed cells shows that such strains showed the appropriate levels of enzyme activity (Table 4 ). The ⌬malE strain had no detectable malic enzyme activity, while the WT-(pMF22) strain had high and constitutive malic enzyme activity during growth on various carbon substrates.
(i) Malic enzyme activity. For the wild-type strain, the highest activity was found in cells grown on lactate as the carbon source (Table 4) . On glucose, the activity was slightly lower, whereas on acetate, only low measurable activity was detected. These results suggest that the C. glutamicum malic enzyme is regulated by the carbon source and might therefore be expected to have a physiological role during growth on those substrates for which high activity was measured, i.e., glucose and lactate. In light of the low level of malE expression during growth on acetate, any significant physiological role during acetate metabolism would seem unlikely.
(ii) Growth behavior. The growth behaviors of the C. glutamicum wild-type, ⌬malE, and WT(pMF22) strains were determined on minimal media containing glucose, lactate, or acetate as the sole carbon source. The ⌬malE strain is able to grow on all three substrates, indicating that malic enzyme is not an essential enzyme during growth on any of these substrates. Indeed, on both glucose and acetate, the genetically engineered strains showed identical specific growth rates to the wild-type strain (results not shown). However, significant differences were observed during growth on lactate (Fig. 2) , for which the extent of the exponential growth period was dependent upon the level of malic enzyme activity. The ⌬malE strain showed a significantly diminished rate of growth after 8 h of fermentation compared to the wild type, while the WT (pMF22) strain maintained exponential growth throughout the entire fermentation. During the initial hours of the culture, all strains showed an exponential growth rate of 0.5 h Ϫ1 , but after 8 h, the growth rates were 0.3, 0.4, and 0.5 h Ϫ1 for the ⌬malE, wild-type, and WT(pMF22) strains, respectively. The maintained exponential growth phase was seen to be correlated to the more rapid rate of lactate consumption during this period of the fermentation. Diminished growth rates of C. glutamicum on lactate have previously been attributed to pyruvate accumulation (9) . When this was examined in the three strains used in this study, the WT(pMF22) strain was shown to have a profile of pyruvate accumulation different from those of the other strains. Pyruvate accumulation was somewhat delayed, but then increased to significantly higher levels than those seen for the other strains (Fig. 2) .
DISCUSSION
The malE gene, encoding malic enzyme from C. glutamicum, has been cloned and studied at the molecular level. The cloned malE gene exhibits classical features for a highly expressed gene from C. glutamicum, and the corresponding protein is clearly homologous to other NADP ϩ -dependent malic enzymes. Malic enzyme was purified from C. glutamicum, and its biochemical characteristics were shown to be similar to those of other microbial malic enzymes. 53, 1996) , indicating that malic enzyme can fulfill such a function, but such a role in wild-type cells growing on sugars seems highly improbable. Recent NMR studies have indicated some degree of back flux from the TCA cycle to pyruvate during both growth and lysine overproduction (29, 47) , and in view of the kinetic characteristics of the malic enzyme, the implication of this enzyme in such a back flux would seem feasible. This exchange reaction can occur as a deviation of the TCA cycle flux, bypassing cytoplasmic malate dehydrogenase activity or via the recently described membrane-bound flavoprotein which can reduce OAA to malate (31) . The presence of this ubiquinone-dependent enzyme makes possible a cycle involving pyruvate carboxylation to OAA followed by reduction to malate and then decarboxylation back to pyruvate. The operation of such a cycle would generate additional NADPH without carbon loss via CO 2 production and has been proposed previously for growth on substrates known to have a relatively low flux through the pentose pathway (9, 13) . Such a role may explain the high level of expression on glucose and also the difficulty in obtaining evidence from simple analysis of the growth response. As shown recently, C. glutamicum is capable of modulating NADPH production in response to demand in various ways (30) . These authors significantly diminished the NADPH requirement during lysine production by replacing the NADPH-dependent glutamate dehydrogenase with the NADH-dependent enzyme from Peptostreptococcus asaccharolyticus, but did not improve lysine production. Instead, the flux through the NADPH-generating pentose pathway was significantly diminished. The absence of a phenotype on glucose for the strains used here might therefore indicate that other pathways generating NADPH were modified in the strains used, indicating a certain degree of redundancy in the metabolic pathway network.
The absence of a phenotype during growth on acetate is not surprising, since malic enzyme is present at only low intracellular concentrations indicative of low expression of malE on this substrate. This is indicative of some carbon source-related regulation of malE expression, and a more detailed molecular characterization of the promoter sequence may facilitate the identification of the underlying mechanism. On acetate, the glyoxylate cycle was found to be the essential anaplerotic pathway (40, 41) .
The modified growth behavior of the ⌬malE strain and the WT(pMF22) strain on lactate compared to that of the wildtype strain indicates a more important role for malic enzyme during growth on lactate. A C. glutamicum strain lacking both pyruvate and PPCs was unable to grow on lactate (39), so again, an anaplerotic function can be excluded, despite the high pyruvate pool associated with lactate metabolism (8) . A more probable role here is the NADPH-generating reaction, discussed above and postulated to be a potential manner of NADPH generation during lactate metabolism by CocaignBousquet and Lindley (9) , who used stoichiometric flux analysis to formulate their hypothesis. The higher activities of both malic enzyme and pyruvate carboxylase (38) on lactate add supportive evidence to this model. This bacterium appears to have evolved an extremely complex network of reactions linking glycolysis to the TCA cycle. Malic enzyme offers one such possibility and is probably physiologically important as a means of supplying NADPH availability on gluconeogenic substrates unable to orientate a high carbon flux through alternative NADPH-generating pathways, such as the pentose pathway. Presumably, the high pyruvate concentration in the WT(pMF22) strain during growth on lactate is observed because of the maintenance of a high rate of lactate consumption, although the reasons for pyruvate accumulation during the prolonged exponential growth phase will require a more detailed analysis of the central pathways. It will be interesting to see whether modulation of this activity will be a useful genetic engineering strategy to increase NADPH availability so as to improve the production yields of compounds requiring significant amounts of NADPH for their biosynthetic pathways.
